INTRODUCTION
Biomaterials and engineered tissue constructs face a significant risk of failure due to the immune response to such foreign bodies. While synthetic materials can be precisely engineered to maximize the desired therapeutic effects, further interventions are needed to mitigate this host response. A new area of research has focused on the immunomodulatory properties of adipose-derived mesenchymal stem cells (ASCs), which have been demonstrated in numerous in vitro and in vivo studies to significantly modulate immune responses and immune cell activity in a variety of contexts.
Since stem cell-seeded constructs and scaffolds have already been developed, it naturally follows whether ASCs can be incorporated into future iterations of engineered tissues to reduce the negative effects of a host immune response against the therapeutic intervention. This chapter will focus on evidence for the promising role of ASCs in facilitating the successful therapeutic implantation of engineered tissues by means of immunomodulation.
FOREIGN BODY IMMUNE RESPONSES IN TISSUE ENGINEERING
Surgical insertion of an engineered scaffold for tissue engineering will yield a two-fold reaction: one mediating acute wound healing, and another mediating the foreign body response to the artificial substrate. The former process has been well studied and follows a highly predictable course. Acute wound healing is mediated primarily by immune cells (such as neutrophils and macrophages), associated chemokines / cytokines, platelets, fibroblasts, among other mediators intrinsic to the damaged tissue. The clotting cascade, mediated by platelets and fibrin clots, initiates the healing process, and leads to secretion of platelet-derived growth factor (PDGF) and transforming growth factor-β (TGF-β). These factors, as well as mast cell degranulation, facilitates the chemotactic influx of inflammatory cells such as neutrophils. TGF-β also serves to guide matrix deposition in conjunction with other signaling mediators. Epithelialization and subsequent fibrosis of the wound leads to final closure [1] .
The foreign body response to the biomaterial has significant implications on the functionality and success of that device / tissue and this is a significant challenge for engineers, clinicians, and researchers today. Mitigating the complex immune response to a foreign body serves as a critical point of therapeutic intervention to increase the chance of success in tissue engineering applications. Initial interactions between blood components (particularly plasma proteins and complement mediators) [2] and the biomaterial directly induce subsequent acute and chronic inflammatory processes, resulting in infiltration of the material and the surrounding tissue by neutrophils, lymphocytes, and monocytes. Macrophages, unable to phagocytose the biomaterial, undergo fusion to form the giant cells that characterize the foreign body response. A complex array of signaling molecules and cellular mediators orchestrates this process [3] . An overview of the foreign body response is depicted in Figure 1 . The fibrotic response to foreign bodies has significant downstream effects on the functionality of a biomaterial, particularly if the material is bioactive with regards to delivery of drugs or signaling molecules [4] . Fibrosis and inflammatory responses have also been shown to loosen implanted calcium phosphate-containing organic matrices used in bone regeneration [5] . The pre-existing inflammatory milieu in myocardial infarction, in addition to response to the scaffolds used in cardiac patches for assisted tissue regeneration can decrease the survival of cells within the engineered patch [6] . Thus, it becomes evident that control and modulation of the immune response is critical for the success of a therapeutic intervention involving engineered tissues and biomaterials, and that biomaterial failure due to pathological fibrosis and immune activation is present in a wide array of therapeutic applications.
Initial studies into this immune response and technological limitations urged biomaterial engineers to either account for inevitable fibrosis or minimize antigenicity of the material components [7] . However, achievement of truly 'bioinert' substances remains challenging, and, thus, biomaterials must be designed in such a way so as to adaptively regulate the immune response, rather than hide from it. In order to achieve this, further characterization of the foreign body immune response in terms of intercellular interactions, phenotypic diversity of the cellular mediators, signaling mediators, and qualities of the scaffold material itself can result in proactive interventions to mitigate the negative effects of pathological fibrosis [8] [9] [10] .
One approach involved the exploration of degradable polymeric biomaterials. Use of more permanent biomaterials can result in a chronic inflammatory process, leading to increased risk of therapeutic failure. The benefit of degradable constructs is that the host immune response will be inherently self-limited. However, it is necessary to ensure that degradation products of these temporary scaffold structures are non-toxic [11] . Specific modulation of macrophage response to biomaterials has also been suggested by utilizing materials with uniform, spherical, and interconnected pores, modulation of nano-scale biomaterial topography, local interleukin-4 (IL-4) administration, and administration of phosphatidylserine-presenting liposomes (to mimic anti-inflammatory characteristics of apoptosis [12] . Biomaterials can also be modified to modulate macrophage adhesion by grafting specific peptide sequences to the material surface [13] .
Other techniques have included coating with biocompatible materials, such as natural polymers and synthetic hydrogels. However, these coatings may themselves be immunogenic and prone to degradation over time, in addition to concerns regarding coating adherence to the biomaterial and safety of synthetic coatings [14] . Local reservoirs of steroids or non-steroidal anti-inflammatory drugs (NSAIDs) can also serve to artificially modulate the immune response to the foreign body. Enhancement of vascularization around the biomaterial may prove necessary in certain applications, and can be achieved by addition of vascular endothelial growth factor (VEGF) and limiting use of corticosteroid immunomodulatory agents [14] .
While multiple approaches currently exist to limit pathological fibrosis of biomaterials used in tissue engineering, no consistent or comprehensive solution exists to effectively modulate the entire immune response. The best solution would be an adjunct to the existing biomaterial that can modulate the immune system with a response that is itself susceptible to feedback. 
ADIPOSE-DERIVED STEM CELLS (ASCs)
Adipose-derived stem cells (ASCs) are a type of mesenchymal stem cell (MSC), which are defined as a cell population that displays adherence to plastic, a specific array of surface antigen expression, and differentiation potential into osteoblast, adipocyte, and chondrocyte lineages [16] . MSCs are isolated from a wide range of tissues, such as bone marrow, placenta, thymus, Wharton's jelly, umbilical cord blood, and adipose tissue, among a number of other tissue sources [17] . Molecular characterization of ASCs from uncultured stromal vascular fraction includes a surface marker expression panel of CD45 − CD235a − CD31 − CD34 + CD13 + CD73 + CD90 + CD105 + . Since ASCs share molecular characteristics with bone marrow-derived MSCs, ASCs can be uniquely characterized from the latter by expression of CD36 and lack of CD106 expression [18] . ASCs are also capable of differentiating into neuronal [19] and myocyte lineages [20, 21] .
One of the most appealing qualities of ASCs is the relative ease of isolating such cells from body tissues. Protocols have been developed to allow for collection of 250,000-375,000 ASCs from a single milliliter of human lipoaspirate following 4-6 days of culture in 10 % fetal bovine serum. Since lipoaspirate is readily collected during liposuction, tremendous numbers of ASCs can be relatively easily isolated from patients for use in therapeutic interventions [15, 22] . Trypsin-mediated tissue digestion for ASC isolation may also provide an inexpensive method to harvest this cell population following lipoaspiration [23] . Successful culture of ASCs in xeno-free media without serum has also been achieved, further supporting consistent isolation and maintenance of ASCs in economically efficient in vitro conditions [24] .
ASCs have been shown to have therapeutic potential in a wide range of clinical contexts. Addition of ASCs to skin wounds was shown to result in improved healing dynamics, particularly with enhanced angiogenesis / capillary formation in the wound site, increased epithelialization, and better cosmetic results due to decreased scarring. Wound healing enhancement was attributed to both ASC differentiation and release of paracrine molecules [25] . ASCs were also shown to facilitate resolution of chronic, nonhealing wounds [26] .
Other current therapeutic applications of ASCs include acceleration of peripheral nerve regeneration following injury [27] , regeneration of bone and cartilage, and to facilitate survival of fat grafts in breast augmentation and facial lipoatrophy [28] . ASCs have also served therapeutic roles in rehabilitation of cardiac function following myocardial infarction / ischemia as well ischemic injury due to peripheral vascular disease. Preliminary evidence for ASC-derived-insulin-secreting cells in the treatment of Type 1 Diabetes has also demonstrated promising results. The role of ASC in fistula repair has been explored, although currently remains inconclusive [29] .
Ultimately, the features of ASCs that allow for such widespread therapeutic benefits in a variety of clinical contexts make it a promising candidate for the demands of enhancing success in the clinical use of engineered tissues.
Bioactive properties of ASCs
ASCs have been shown to have significant immunomodulatory properties, in addition to secretion of growth factors. In promoting immunological tolerance and facilitating growth of an engineered tissue construct, ASCs can serve a significant role in the success of therapeutic interventions involving tissue engineering. Not only can stem cells be used to provide cell types needed for tissue regeneration, but the pleiotropic paracrine-mediated effects of ASCs can also facilitate a rich, pro-healing environment.
What exactly constitutes the secretome of ASCs that make it such a potently bioactive cell population? Signaling mediators include growth factors and immunomodulatory agents such as TGF-β, hepatocyte growth factor (HGF), VEGF, indoleamine-2,3 dioxygenase (IDO), interleukin-10 (IL-10), prostaglandin E2 (PGE2), nitric oxide (NO), heme oxygenase 1 (HO-1), and human leukocyte antigen (HLA-G) among numerous other mediators [30, 31] . Other MSC subpopulations are known to secrete IL-6, IL-8, and IL-12, as well as interferon-gamma (IFN-γ), macrophage colony stimulating factor (M-CSF), and hepatocyte growth factor (HGF) [17, 32] . While the secretome of the cell population has been closely studied, one cannot also ignore the many secondary effects of ASC-mediated signaling. By modulating secretory patterns of other cells, local ASC administration can have systemic modulations of various extracellular signals, mediators, and structural proteins [33] . However, the ASC secretome has been shown to have intrinsic immunomodulatory effects without the need for ASCs simultaneously present, as evidenced by an experiment demonstrating variation in the level of various cytokines following infusion of a mouse with the supernatant of an ASC culture [34] .
The secretome can be characterized by analyzing various functional consequences of ASC paracrine signaling ( Figure 2 ). Angiogenesis mediated by ASCs is largely due to secretion of TGF-β, VEGF, and basic fibroblast growth factor (bFGF) [31] . Secretion of these pro-vascularizing signals is thought to be induced by a localized state of hypoxia [35, 36] . Furthermore, ASCs may display characteristics of pericytes and directly secrete various regulatory proteins that control and organize networks of endothelial cells into functional vasculature [37] . In the context of wound healing, ASCs were shown to potentiate this process through the secretion of some of the various growth factors and extracellular matrix (ECM) components discussed above, such as collagen I, fibronectin, fibroblast growth factor 2, VEGF, and TGF-β, among other signaling mediators [31, 38] .
Both of these qualities are critically important for the functionalization of an engineered tissue implant. Enhanced vascularization facilitates oxygenation of the otherwise ischemic tissue, in addition to delivery of various metabolic substrates needed for implanted cells to function properly in their therapeutic environment. Activation of wound healing processes leads to secretion and deposition of ECM components, leading to the integration of the implanted biomaterial into surrounding tissue, enhancing its therapeutic success. Although the immune response poses a significant barrier, ASCs are sufficiently capable of reducing this adverse effect. 
ASC-MEDIATED IMMUNOMODULATION
The immunomodulatory capacities of MSCs are widespread, affecting various cellular members of the immune system such as T cells, B cells, dendritic cells (DCs), and natural killer cells [42] . However, such capacities differ among the different sources of MSCs, and various studies have looked into identifying the most potent stem cell population for immunomodulatory effects. ASCs have been demonstrated to be more potent at immunomodulation as compared to MSCs isolated from bone marrow (BMSCs) with respect to suppression of peripheral blood mononuclear cell (PBMC) proliferation, inhibition of monocyte differentiation into DCs, and show a higher level of cytokine secretion [43] . Another study compared ASCs and BMSCs with regards to effects on lymphocytes and found the two cell populations to have similar immunosuppressive capacities, dependent highly on the number of cells while also 'highly variable' between different samples of isolated ASCs [44] . Another group demonstrated that MSCs isolated from placenta can show greater immunomodulatory effects than either ASCs or BMSCs [45] .
Interestingly, the immunosuppressive properties of ASCs may continue after subsequent differentiation, as proposed by a study examining such properties following TGF-β3-induced chondrogenesis of ASCs [46] . Additionally, ASCs genetically modified to overexpress IL-4 were shown to have a stronger anti-inflammatory response in the context of experimental autoimmune demyelination [47] . Ultimately, the potent immunomodulatory properties of ASCs may play a role in a diverse array of therapeutic functions, from mediating tolerance in HLA-mismatched cell-based therapies and potentially restoring immunological balance in autoimmunity.
Effects on antigen-presenting cells
Since the immune system consists of a diverse set of players, it is important to understand how MSCs / ASCs are able to modulate the activity and behavior of each cellular component [17] . DCs and macrophages are efficient antigenpresenting cells (APCs), serving a critical initiating role for inflammation by the immune system [42] . Since APCs serve to deliver antigens from scaffolds and other components in engineered tissues to induce the downstream inflammatory response, effective suppression of APC activity can serve a significant role in maintaining the integrity of the engineered construct. Factors secreted by ASCs have been shown to inhibit differentiation of monocytes and DCs. Furthermore, ASCs are able to affect DC endocytosis, hinder migration of DCs to lymph nodes, induce regulatory phenotypes in both macrophages and DCs, and modulate downstream T cell activation [48] [49] [50] [51] [52] . Thus, potent modulation of APC activity by MSCs / ASCs can be utilized effectively to increase success in the context of engineered tissues.
Downstream of APC endocytosis of the antigen is its presentation to effector arms of the immune system, including CD4 + T cells that activate other arms of the immune system. Interestingly, ASCs have potent effects on T lymphocytes as well. ASCs can affect helper T cell differentiation by changing the intracellular milieu of transcription factors and cytokine secretion profile [42, 53] . It was previously noted that Th1 differentiation could be affected downstream of DC immunomodulation [50] . Specific suppression of the Th17 [54] and Th2 [55] subsets by ASCs has also been observed. In cross-species interaction of human ASCs with murine T lymphocytes in vitro, the mechanism of suppression of T cell proliferation was demonstrated to involve cyclooxygenase-2 (COX-2) [56] . Another group demonstrated a significant role for PGE2 in modulating T lymphocyte transcription factors and cytokines to underlie the immunosuppressive effects. Interestingly, exosomes of ASCs were shown to be sufficient in inducing suppressive effects on T cell activation, differentiation, proliferation, and IFN-γ secretion [57] . With regards to cytotoxic T lymphocytes, MSCs could suppress development of but not actual cell lysis by these cells [58] .
Effects on T lymphocyte populations
Direct inhibition of T cell activity by ASCs in a model of rat orthotopic liver transplantation was shown to reduce acute rejection [59] . Similar effects were shown in the ASC-mediated immunosuppression of human T cells from patients with rheumatoid arthritis [60] . The ASC-mediated suppressive effects on T cells, although with great therapeutic benefit, may however come with dangerous consequences. ASCs in breast cancers may modulate T cells in such a way so as to induce a tolerogenic environment, thereby protecting tumor cells from immune attack [61] .
In addition to direct immunosuppression of effector T cell populations, MSCs / ASCs are capable of inducing the proliferation and maintenance of both CD4 + and CD8 + regulatory T cell (Treg) populations [60, 62] . The elevated presence of Tregs around an engineered implant can enhance immune tolerance of the artificial material. It has been demonstrated that the Tregs induced by ASCs are functional and capable of suppressing proliferation of effector immune cells [63] . Low oxygen conditions were shown to facilitate Treg induction by ASCs [64] , which can be of particular utility in engineered implants, which are not immediately vascularized and thus experience locally hypoxic conditions. Supplementation of ASCs to the post-transplant regimen in a rat model of vascularized composite allotransplantation led to increased numbers of Tregs in circulation, which was implicated in the enhanced post-transplant tolerogenesis in these rats [65] .
Effects on B lymphocytes
Immunomodulation by ASCs does not end with APCs and T lymphocyte subsets, but may also include regulation on the level of B lymphocytes and natural killer (NK) cells. BMSCs have been shown to suppress B lymphocyte proliferation via the programmed death ligands (PD-L1 and PD-L2) [66] . Other effects on B cells by MSCs include suppression of terminal differentiation [67] , in vitro inhibition of antibody production [68] , and downregulation of factors necessary for chemotaxis [69] . ASCs, in particular, can induce the development of a regulatory B cell population, further controlling B cell activity [70] . MSCs have been known to suppress activity of NK cells with regards to IFN-γ secretion and proliferation [51, 71, 72] . ASCs, specifically, are capable of such suppression [73] and are themselves poorly susceptible to lysis by NK cells [74] .
IMPORTANT CONSIDERATIONS IN ENGINEERING
The immunomodulatory properties of ASCs are in turn modulated by a diverse list of variables. Local presence of IFN-γ from T and NK cells is necessary for MSC-mediated immunomodulation, as this resulted in secretion of IDO by the MSCs to suppress the activity of other immune mediators [75, 76] . IFN-γ stimulation of MSCs was also associated with MHC-II expression, which weighs heavily in MSC antigen presentation and subsequent allogenicity [77] . It is important to note that ASC-mediated suppression of T cell proliferation is strongly dependent on its passage, with early passage ASCs actually stimulating proliferation, and later passage cells suppressing it [78] . Thus, the immunomodulatory characteristics of the ASCs in an engineered construct will depend on the inflammatory microenvironment around the implant.
Application of ASCs / MSCs in engineered tissues requires culturing and integration of cells in vitro within constructs. Subsequent proliferation of MSCs may have effects on their immunomodulatory capacities due to degradation of telomeres. Extension of telomeres through enhanced expression of telomerase was shown to retain immunosuppressive capabilities in the immortalized cell lines [79] . Beneficial to its proposed application in controlling inflammatory responses against engineered tissues, ASCs also demonstrate increased potential for immunosuppression in an inflammatory environment [80] . The age of the donor appears to be inversely proportional to the immunosuppressive capacity of the isolated ASCs as well [81] .
Particularly important to engineering processes, the method by which ASCs are cultured can also weigh significantly on their immunomodulatory capacity [82] . This finding was corroborated by a later study, which also demonstrated the ability to isolate and expand ASCs in xeno-free and serum-free media, although this negatively impacts its immunosuppressive properties. Hypoxia also markedly enhances the functions of ASCs, which is useful in poorly vascularized tissue initially surrounding artificial implants. These functional changes include increased proliferation, anti-apoptotic and angiogenic factor secretion, and altered adhesion dynamics to ECM proteins [25, 83] .
Differentiation potential of ASCs
In addition to serving an immunoprotective role towards the engineered tissue, ASCs are also capable of differentiating into various soft and connective tissues that facilitate integration of that specific tissue into the body (Figure 3 ). ASCs are multipotent, being able to undergo adipogenic, osteogenic, myogenic, and chondrogenic differentiation, (differentiation is limited to mesodermic lineages) [84] . Interestingly, according to some, ASC spheroids showed similar chondrogenic potential as BMSCs in a monolayer, but were less effective than the latter in cartilaginous differentiation in high-density 3D culture formed from spheroidal aggregates of cells [85] . Human ASCs have also demonstrated the ability to develop a smooth muscle-like morphology [86] . ASCs can also be induced into a neuronal lineage, serving another exciting role for this cell population in the realm of tissue engineering [87] . Other applications include direct differentiation into corneal epithelial-like cells [88] , dentine pulp tissue [89] , cell types similar to pancreatic β cells with insulin-secreting capabilities [90] , and cardiomyocyte-like cells for post-myocardial infarction repair [89, 91, 92] .
As mentioned above, the pro-angiogenic properties of ASCs provide an exciting platform in the realm of tissue engineering. Since the surgical integration of an engineered tissue implant naturally results in loss of perfusion to that area, a proper return of blood flow through direct endothelial differentiation and VEGF secretion in that area is needed to supply nutrients and oxygen to regenerative cells [93] . ASCs have thus demonstrated potent roles for angiogenic repair in ischemic tissues, such as in myocardial infarction [94] . ASCs have been shown to not only directly differentiate into endothelial cells and incorporate into existing vascular structures [95] , but may also have a role in supporting that population. Abluminal localization and subsequent development of pericyte-, smooth muscle-, and mesenchymal-like properties in ASCs allows ASCs to directly interact with endothelial cells to maintain the functional and structural aspects of vasculature [96] . These interactions have already been demonstrated to potentiate angiogenesis around implants, raising the possibility for its clinical use in tissue engineering [97] .
The promising role for adipose-derived mesenchymal stem cells in tissue regeneration 
CURRENT THERAPEUTIC APPLICATIONS OF ASCs
The bioactive properties of ASCs have been extensively studied in a wide range of clinical contexts, from effects on tumors to post-transplantation immunosuppression and autoimmune conditions. This extensive array of evidence lends credence to the fascinating potential of these cells in treating and mitigating disease. This, coupled with the relative ease by which they can be isolated, creates an exciting future for ASCs.
Immunomodulation in transplantation and immune-mediated disease
Tolerance to engineered tissues can be likened to that which is required following allogenic transplant. Current post-transplant immunosuppressive regimens contain chemical suppressors of immune mediator proliferation. New research suggests that supplementation of this regimen with immunomodulatory ASCs can enhance the development of tolerance and reduce the onset of rejection [102] . This combination therapy was demonstrated to have significant results in tolerogenesis in an orthotopic hind-limb vascularized composite allotransplantation model in rats [103] .
These successful results have also been demonstrated in large animal models, with enhanced prolongation of heterotopic hind-limb transplantation in swine [104] . Several potential issues must be noted in the use of ASCs / MSCs in post-transplant regimens. These include maintenance of the ASC populations in vivo due to natural clearance, specifications regarding dosage and method of delivery, and the potential for drugs in the post-transplant regimen to themselves negatively modulate the immunomodulatory capacity of ASCs [105] . The potential for success in using ASCs in transplant has been demonstrated in a humanized mouse model of skin grafts [106] and even in a patient who underwent kidney transplant [107] . Evidence also exists for the capacity of ASCs to mitigate the severity of graft-versus-host-disease (GVHD) following bone marrow transplant [108] .
Immunomodulation by ASCs has proved useful in the context of autoimmune and immune-mediated diseases. Systemic treatment with ASCs has been showed to decrease Th1 response and increase Treg levels (with associated elevation in IL-10 levels) to alleviate the severity of colitis in a murine model of drug-induced colitis [109, 110] . Early evidence also points to the utility of MSCs as a therapeutic adjunct in the treatment of multiple sclerosis [111, 112] . Through suppression of Th1 and Th17 subsets in combination with upregulation of Tregs, ASCs were demonstrated to improve outcomes in murine experimental autoimmune hearing loss [113] . This immunosuppression of T lymphocytes was also demonstrated to reduce the severity of symptoms in rheumatoid arthritis [60] . ASCs were also shown to decrease the incidence of necrosis following autologous fat grafting [114] . Through the upregulation of VEGF and IL-10, intracerebral implantation of ASCs demonstrated significantly improved functional outcomes in a mouse model of Alzheimer's disease [115] .
The vast potential of ASCs is readily apparent. This cell population is readily available and plentiful in lipoaspirates, isolatable by various protocols, and has a rich array of bioactive properties ranging from immunosuppression to localized enhancement of growth and repair. As implanted engineered tissues face hefty challenges from the host immune response and demand localized wound repair for proper integration into the body, the mechanisms by which ASCs have been demonstrated to modulate local environments in vitro and in vivo can be harnessed through integration into scaffolds and artificial constructs. This is another promising area of study, and is discussed in the following section.
Oncology
Stem cell therapy appears to have a mixed picture when it comes to induction or reduction of cancerous tumors. As was previously stated, the combination of growth factor secretion and immunosuppression by localized presence of ASCs can protect and induce the growth of breast cancer cells [61] . Breast cancer cells co-cultured with ASCs were shown to have increased markers for malignancy and may lead to worse outcomes [98] . ASCs increased motility and metastasis of cancer cells and may stabilize tumor vasculature in breast cancers as well [99] . Interestingly, stromal tissue isolated from adipose tissue was shown to lead to increased cell death in pancreatic cancers [100] . ASCs also demonstrate the capacity to hone on tumor cells, and this has been used therapeutically to assist in drug delivery to these sites [101] .
INTEGRATION OF ASCs WITH SCAFFOLDS AND ARTIFICIAL CONSTRUCTS
To realize the full potential of ASCs enhancing the successes of engineered tissues, it is first necessary to understand how ASCs can be integrated into scaffolds currently used in these applications. Evidence has existed for over a decade regarding the seeding of scaffolds with ASCs. A 2005 publication examining techniques to facilitate osteochondral engineering determined that ASCs could be successfully integrated into chitosan scaffolds without undue toxicity on those cells [116] . The adhesive properties of the scaffold specifically to encourage ASC attachment and proliferation can be enhanced by the application of specific peptide sequences to its surface [117] . ASCs were also shown to have potential in tissue engineering particularly in vascular generation through seeding of tubular scaffolds [118] and adipogenesis following seeding of gelatin sponges [119] . ASCs were also proposed for the seeding of calcium phosphate scaffolds to facilitate surgical repair in spinal fusion [120] .
Considerable research has been conducted to determine specific characteristics of the scaffold that facilitate the use of ASCs in various clinical contexts. Not only does the material of the scaffold weigh heavily on ASC seeding and subsequent proliferation and differentiation, but also the pore size and shape, which has significant effects on vascularization of the biomaterial. Understanding how various scaffold-based technologies have proven useful in laboratory and clinical settings can yield useful information into how ASCs can be integrated into existing tissue engineering applications across the body.
Wound healing
One area where ASCs have proven useful is in the context of wound healing. As previously mentioned, the hypoxic conditions within the wound coupled with the angiogenic properties and differentiation capabilities of ASCs make them potent candidates to accelerate the wound healing process. However, effective use of these cells requires their integration into a matrix that can be easily applied within the wound, which may be irregularly shaped. Acellular scaffolds may facilitate these functions of ASCs, and this has been hypothesized to be an effective solution to enhance wound healing [121] . Cell sheets of ASCs have been demonstrated to enhance the degree of wound healing in a mouse model [122.123] . One study found that ASCs integrated into an ECM patch were necessary for their survival and subsequent enhancement of skin wound healing in mice [124] . Hydrogels have been shown to maintain ASC viability within the wound, thereby prolonging their healing capacities for a longer period of time [125] . Decay in ASC healing properties may be mitigated by the use of low level laser therapy, which can act to stimulate these cells [126] . In terms of biomaterials, chitosan and PLCP-P123 (nonwoven nanofibrous material with structural similarity to ECM) scaffolds have been shown to be effective in the wound healing process mediated by ASCs [127] [128] [129] .
Bone / soft tissue repair
Effective scaffold-based ASC therapy can also prove useful in the treatment of defects in bone by optimizing the osteogenic potential of these cells. As in skin wound healing, the architecture and composition of the scaffold plays a critical role in this process. Scaffolds that bear resemblance to bone (calcium phosphate-based scaffold with polycaprolactone and hydroxyapatite components), particularly those that have been co-cultured with osteoblasts, show success in facilitating ASC differentiation into bone within the architecture of the scaffold [130] . As seen previously in skin wound healing, use of low-level laser therapy can enhance bone regeneration as well [131] . In addition to mimicking scaffolds with natural bone, the density of the scaffold structure also weighs on the differentiation potential of ASCs [132] . A recent study demonstrated that a stacked scaffold structure can also enhance the osteogenic potential of ASCs [133] .
Angiogenesis
Scaffold material (either naturally derived or synthetically generated) has also been shown to weigh on ASC angiogenic potential [134] . Seeding of ASCs into commercial dermal substitutes can also promote angiogenesis [135, 136] . It is interesting to note that the method by which ASCs are integrated into the scaffold (injection vs. onlay seeding) can play a role in the extent of subsequent vascularization of the graft due to differential effects on migration of cells through that scaffold [137] . Additionally, seeding of ASC spheroids into a porous polyurethane scaffold proved more effective at facilitating growth of a higher density of vessels than seeding with individual ASCs [138] . However, the angiogenic potential of ASCs need not require direct contact by those cells. Encapsulation of ASC spheroids with a polytetrafluoroethylene filtration membrane, which allows soluble mediators to diffuse into the local environment, demonstrated increased vascularization in that area [139] .
Neuronal regeneration
Scaffold-integrated ASCs can also facilitate neuronal regeneration. The use of decellularized adipose tissue as the ECM scaffold grafted into a mouse model of cavernous nerve damage to simulate post-prostatectomy injury, demonstrated neural regrowth and return of penile erection [140] . Seeding of ASCs into porous gelatin and chitosan scaffolds grafted into mouse model of traumatic brain injury also revealed enhanced repair, attributed to induction of ASC differentiation into neuron-like morphologies [141, 142] . Targeted axonal repair following transection and Wallerian degeneration is also enhanced with the use of nerve guidance conduits seeded with ASCs [143] .
Other applications of ASC-seeded scaffolds
This platform has been utilized in a variety of other clinical contexts as well ( Figure 4 ). Submucosa-seeded ASCs enhance erectile function following damage to tunica albuginea and application of the graft over the injury [144] . Virally modified ASCs integrated into a 3D PLGA / alginate scaffold demonstrated a method to promote the development of cartilage [145] . Scaffolds of decellularized cadaveric tendon seeded with ASCs also facilitated regeneration of tendon tissue through direct induction of tenocyte differentiation [146, 147] . Pelvic floor reconstruction, specifically in the context of fascia regeneration, was also enhanced with ASC-seeded implants [148] .
What are some of the factors of the scaffold that may regulate ASC activity? As stated before, the actual composition of the scaffold can weigh heavily on this point. Development of scaffolds of composite material mixed with decellularized adipose tissue demonstrated greater ASC viability and subsequent differentiation into adipogenic lineages [149] . These properties were also encouraged by seeding ASCs in layers of calcium alginate hydrogels [150] . Surface modification of a chitosan-based scaffold allowed for a push towards ASC differentiation into cardiac muscle [151] . Use of polyhydroxybutyrate / poly(hydroxybutyrate-co-hydroxyhexanoate) scaffolds enhanced cartilage development from seeded ASCs [152] .
Several treatment conditions can encourage ASC seeding and integration into scaffolds. One demonstrated technique to improve adhesion of ASCs to non-woven poly(L-lactic acid) scaffolds is oxygen plasma treatment prior to seeding [153] . Culture conditions, specifically the media / serum, also can have an effect on initial density of ASC seeding of scaffolds [154] . These studies reveal that the exact material of the scaffold, any modifications to the biomaterial, and architecture will have to be tailored carefully to optimize the desired effects of the seeded ASCs. Therefore in future applications of ASCs to enhance the effectiveness of engineered tissues, one must consider how the scaffold can affect the activity and differentiation potential of ASCs, in addition to effects on vasculogenesis, which is largely affected by pore architecture. 
FUTURE DIRECTIONS AND CONCLUSIONS
All of this established evidence points to a promising future for ASCs in tissue engineering. This is a highly versatile and readily available cell population that has repeatedly demonstrated characteristics favoring its use in this clinical context. Its multipotent properties, ability to secrete a variety of growth-inducing and immunomodulatory mediators (hence the term immunomodulatory secretome), and ability to integrate into existing scaffold materials point to its increased use in new biomaterials and artificial tissues.
However, much work remains before ASCs can become a feasible treatment modality. Current regulations restrict the breadth of ASC-based therapies such that cells must remain within the operating room with the patient. To date, if cells are brought outside the operating room to undergo culturing or engineering in a laboratory, they may not be replaced into a patient. Patient safety is of paramount concern, and in vivo animal studies as well as preliminary human safety trials must be conducted to open the doors to further testing. With strong evidence available regarding its benefits, ASC-based therapies must address these necessary safety concerns to open the doors to further, but well-regulated, clinical studies.All benefits and challenges of ASCs are listed in Figure 5 .
Figure 5. Benefits and challenges of using ASCs in clinical applications
In conclusion, the many challenges currently experienced by bioengineers, clinicians, and translational researchers in the effective in vivo application of biomaterials may be mitigated or solved by the effective addition to ASCs. However, further work remains to be done to fully characterize and describe their clinical potential and safety to achieve full clinical use. Although ASCs are largely limited to laboratory use and study at this point, as discoveries emerge and as regulations will change, these cells will offer an exciting new chapter in the field of regenerative medicine.
